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Abstract. ‘his paper prcscnk a study of a derrsc molecular region, NGC 1333,  and the relationship of the embedded infrared

sources and young stellar objects to the s[ructure  of its molecular core. We usc Is(*O  and Cl~OJ  = ] ..+ oandJ =2 -S ] observations,

along with those of CS J = 2 + 1 to characterize the structure of the core, calculate densities and masses. Wc find from our C]*O

maps that the COI-C consists of a cavity surrounded by a compressed shell of gas. Many of the infrared and outflow sources in NGC

1333 arc located in the cavity and the outflow wincls from IRAS2, SSV 13 and several other soul ccs appear to bc responsible for
.

creating the cavi(y and forming the shell. We suggest that sequential star formation is taking place in NGC 1333 with successive

generations of young stellar objcc(s providing the energy to expand the cavitj, sweep up the material and compress the shell.

Several massive. (- 20 – 40 ME)) condensations in the shell arc potential sites for the next g,cneration of star formation in NGC

1333.
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1. Introduction

NGC 1333 is a C1OUC1 in the Pcrscus cornplcx with an active star forming core. 1[ contains numerous infrared sources, Hcrbig-Haro

ot]jccts, 1120 masers, Ha stars and outflows. In this paper we study the large scale structure of the core using multi-transition

maps of CO isotopes and a single transition of CS (J = 2 + 1 ) and discuss the relationship of the embedded stellar objects with

this slructurc.
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1. l.1..Thc Pcrseus complex

‘1’hc Perscus molecular complex is a conglomeration of regions of high visual extinction extending over some 9 by 9 degrees at

a galactic longitude of ~ 160° and latitude w --19°. Its high galactic Iatitudc  and its low I.SR velocity determined from CO

(Sargent 1979) and 13CC) (f3achillcr  & Cernicharo 1986) suggest that it is wit}lin a few hundred parsecs from the sun although

its exact distance remains somewhat contrcwersial.  Most authors agree that the Perseus  grotq) is associated with the Per 0B2

association. The question of the distance to the Perseus complex has been debated by several authors (Borgrnan  and Blaauw

(1964); Strom et al. 1974; Ccrnicham  el al. 1985). The currcn[  consensus is that the Pcr 0112 association is at 300 PC and the

NCiC 1333 cloud somewhat farther away. Following Ladd ct al. (1993) we ado]lt 350 PC as the distance to NGC 1333.

The Perscus complex contains two active sites of star formation, 1C348 and NGC 1333, conncctcd by a chain of colder dark

clouds (e.g. B 1, B 1 E) with strong molecular emission. These two ac[ivc regions contain newly-formed intcrmcdiatc-mass  stars

of spectral type. B, as WCII as a cluster of young stars  of lower mass. While tbc creation of Per 0132 and 1C348  has been more

or less concurlcnt,  they have a common agc of a fcw million years (Bergman and Blaauw 1964), in NGC 1333 star formation

has taken place only within tbc last 1 (tS years (Sargent 1979). This group of molecular clouds (ii ffcrs in many respects from the

Taurus and C)rion  clouds. Unlike the Taurus and Auriga clouds, whc.rc only l’-’auriri  stars arc found, young stars with relatively

high luminosity arc associated with tbc Pcrscus complex. Furthermore from an infrared study of cmbcddcd young stars,  Ladd

ct al. (1993) concluded that Pcrseus  differs significantly from Taurus in its conccntraticm of star formation in only two clusters,

NGC 1333 and lC 348. Thus, Pcrscus can perhaps be viewed as a smaller and lCSS populous version of L] 641 (a molecular cloud

associated with the Trapezium cluster and containing Orion) with both isolated and cluster s[ar  formation (Ladd ct al. 1993). In

addition almost all the Pcrscus IRAS sources appear to bc individual sources while in 1.1641 IRAS sources are associated wi[b

multiple infrared sources and may contain small stellar clusters (Strom et al., 1989). Furthermore early spectral t ypc O stars

which arc usually found in the giant molecular clouds, are nol associated v’ith [hc star formation regions in Pcrseus.

IZCO  J ~ ] –) (1 molecular emission line with aThe whole Pcrseus complex has been surveyed at low resolution in the .

rcsolutioa of 2.5’ and a sparse. sampling of 10’ (Sargent 1979) and a ]csolution  (If 30’ (Ungcrc.chts  and Thaddcus  1985). Bachillcr

13~0  J,, ] ~ 0 Wjth  51 rcso]utjon.  ~j 0111  star coun[s Ccrnicharo  Ct al. (1985) derived aand Ccmicharo  (1986) rnappcd Pcrscus in .

total mass of gas of 2 x 104 MC> for the l’crseus  cloud complex (including both atomic and Tnc,lccular gas).

1.2. The NGC 133.3  star, fortnitlg region

l’hc NGC 1333 star formation region has been cxtcnsivcly studied in the pasl both in the millimeter and ccntimctcr  molecular

lines and in the infrared continuum emission. Lada ct al (1974) derived a mass of 103 MC), with n(Hz) ~ 104 cm-q and “rk N 20

K rrvcr  most  of the. NGC 1333 core using HCN, CS and NHs to trace the dense gas. This telnpcrature  and density agree with

those derived by Schwarlz, e[ al. (1978) using a low resolution NHs survey. Schwarl? ct al. also found that the }]zCO  and CS 2111111

lines peak at the location of the infrared sources reported by Strom ct al. (1974). NGC 1333 has also been mapped al moderate

12c0 and 13c0 J = 1 _+ O c~nissjorr ]il)cs, on a grid with a 2’ spacing for the central par~lrc.solu(ion  (2.6’) by Lorcn (1976), in the

1 ‘CO line shape that star formation in NGC 1333and with a lat-gcr spacing (6’) around the ccntcr. I.orcn  concluded from the
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has been initiated by a cloud-cloud collision followed by collapse. This conclusion was ruled oat by Ho and Barrett (1 980) who

used a slightly higher angular resolution (85”) NHs and (23’) ‘*CO survey of the cloud to propose an alternative picture of dense

fragments cmtrcddcd in a lower density cloud.

In acldition to the near-lR imaging photometry at 1.65 and 2.2 pm by Ladd et al. (1993), infrared surveys of NGC 1333

consist of J, H, K and 1. photometry by Strom et al. (1976) and Aspin et al (1994) and the far-I R observations of Harvey et al

(1984) and Jennings ct al. (1 987). In NGC 1333, Strom C( al. (1976) discovered 25 embedded scrutccs, a number which was raised

reccntl y to 100 (A spin ct al. 1994). Son)C of these embedded sources were also seen at 100 pT71  by Harvey et al. while Jennings

ct al. using IRAS C1’C observations found five more far-IR  sources. NCrC 1333 has also been the suhjcct  of sclcctcd radio and/or

infrared observations devoted to the objects found in the central part of this star-forming cluster: ‘1~’lauri  stars, infrared sources

(SGS 1: Castchw et al. 1986; IRAS 4: Sandell et al. 1991; SVS 13: Liscau et al. 1992; 13rcg,rnan  C( al. 1993) and Herbig-Haro

objects with their exciting sources (HH 4 to HH 18, the most studied being Ht I 7- 11; see a comp]ctc refcrencc list in Rcipurth

1994). Many of these studies concentrate particularly on the HH7-11 spectacular molecular outflow (Snell and Edwards 1981;

Schwartz et al. 1983; Edwards and Sncll 1984; l.iscau et al. 1988; l..izarro  et :il. 1988; Phillips and Mampaso 1990; IJachillcr

and Ccrnicharo 1990; Dent C( al. 1993)  driven by the SSV 13 source. Depending on the spatial T cso]ution  and on the sensitivity

of the observations the velocity of this outflow was first found to extend fro]o -20 to +25 kms- ‘ (Sncll  and Edwards 1981)

with a mrrrncntum,  kinetic energy and mass loss rate of 11 M@ K.kro s– ], 4 x 104s ergs, and 8 x 10- b M@ yr-  1 rcspcctivcly.

In 1988 Liscau ct al. srrggcstcd  that there was not one but a cluster of outflows which confuses the. identification of the driving

source. In addition recent observations by Lizano et al. (1988) and Bachil]er and Cernichrwo (1990) showed the prescncc of a

WC]] collimated cxtrcrncly  high velocity outflow with a terminal velc)city of 16(J kms- 1. According to Bachiller  and Ccrnicbaro

this fast outflow is accelcra(cd by the jet-like gas emanating from the central source and will undcrg,o braking processes (shocks,

compression) al the intcrfacc z.onc with the ambient cloud. Furthermore, the high velocity, hig}t]y collimated outflow produces

the lower velocity, broader outflow seen in ‘*CO.

Here wc will show that tbcse cmbcddcd sources and their associated outflows have baci a profound effect on the structure

of the core. in NGC 1333.  They arc responsible for the generation of a large bubble (or cavity) with a compressed shell at its

boundary. Several massive clumps in this shell arc gravitationally bound and unstable to collapse. and may bc the source of the

next gcncratirm of young stellar objects in NGC 1333. Taken all together the existing IR and outflow sources, the cavity and shell

suggest a history of shock driven sequential star formation that is still ongoing in NGC 1333.

2. Data acquisition

13C0 and C’RC) and J = 2 + 1 CS observations made with the A’I’&T  BellThe results prcscntcd here arc based on J = 1 -+ O ~

I.abora[orics  7-n]ctcr  antenna in Holmdcl,  NJ (hereafter BL), and on J = 2 + 1 ]sco ar,d clso da[a obtained with the 2.5 n~cter

POM-2 tclcscopc located on the Plateau dc Burt in France. The beam of the IIL antenna at the J = 1 –> O CO frequency is about

1 W’, somewhat smaller than the 140” POM-2  beam used for the J:: 2 –+ 1 observations.

The J = 1 –+ O C]RO crbscrvatimrs  were made in winter 1992 and 1993. Tllc J = 1 -+ O ‘sCO s[)cc(ra were cxtractcd from an

ilnpublishcd Bell l,abs survey of Pcrscus  (1.anp,cr  and Wilson). The singlr.  side band (SSB)  system  temperatures (including sky
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andforward  efficiency corrections) varied frcm~ 200 to 400 K depending on elevation and weather conditions. All the 13C0, C**O
.’

and CS spectra were obtained using a frequency switching mode. Additional details on the receiver, calibration and observing

procedures arc given in Bally et al. (1987) and Langer et al. (1989). The spectral resolution of the observations was 50 kHz

‘3C0 The. central 115 position  (~(1 950) = 3h 41 ‘n 29.0s,(0.14 km S-l) for C180 and CS, and 100 kHz (0.27 km s-]) for .

6(1950) = 32°44’ 30”) was monitored regularly during the observations to check calib]atiorr (1.anger et al. 1989). The average

channel to channel rms noise is 0.3 K for all tbc observations, except at the cenkr of the C’*O map where wc integrated longer to

obtain 0.15 K. The ‘3C0 map covers 50’ x 90’ in right ascension (o) and in declination (6) and the C180 map covers SO’ x 65’. ‘Ilc

Bell Labs maps arc spatially sampled every 1’ (nearly at the Nyquist sampling rate) and are centcrcd at CY(1950)  = 3h 25’”56.5’,

6(1950)= 31°10’ 14’’, anda  Vl,r =7kn~s-1.

The CS J = 2 -+ 1 map of the NCiC 1333 cloud was made with the BL 7 meter antenna in January 1993 with a 1’ sampling. The

spc.ctral resolution of these data is 100 KHz (0.3 km s– 1 ) and the channel to channel rms noise is about 0.1 K for the central part

and 0.3 K clscwhcrc. The CS map covers an area of 20’ x 50’, a slightly smallcl area than the C]hCJ map. These CS observations

serve as a high density gas tracer of the internal structure of the cloud.

The CO J = 2 -) 1 obscrvat ions were made during winter 1993 and 1994 with the POM-2 an[cnna General information about

the POM-2  telescope is given in Castcts et al. (1988) but a number of changes l[avc been made in the system since then. In 1992

our Schottky barrier diode receiver was replaced by an S1S receiver housed in a closed-loop cryogcncrator. This S1S receiver

has excellent performance (T, CC(DSB)  = 70 K) in the range 210-250 GHz. ‘l’he calibratio]l  is achieved by chopping between

two loads at different tcmpcraturc. During the observations the syslcm tempt] attrrc varied froln 400 to 1200 K corresponding

to a water vapor variation of 0.5 to 3 mm of precipitable  water (~ = 0.05 to O. 3). The forward and beam efficiencies were also

improve.d since 1988 to qf = 0.82 and qj, $ = 0.68 respectively. The absolute pointing  error, chcckcd  on Jupiter  is about  15“ and

always Icss than 20”. All J = 2 -+ 1 spectra were. ohtaincd using a position switching mode willl the rcfcrencc  position equal to

(O’, 120’) about the NGC 1333 center. l’hc spectral rcsoltttion  was 156 kHz (0.2 kms- ] ) for both ‘3C0 and the C’RO observations.

Under these conditions we had an average channel to channel rms noise of 0.3 K for all spectra. l’hc ‘3C0 and C]*O J = 2 + 1

maps were observed on a 1.25’ grid (Nyquist  sarnplcd) and covering an area of 43’ x 87’ and 25’ x 50’, respectively. All molcctdar

data have been corrcctcd  for atmospheric absorption and for the antenna main beam efficiency and the values for line intensities

given in this paper arc radiation temperature T,.

3. Results

13C() Clgo  and CS maps from which we will derive the overall structure, density andIn this section wc present and analyst our ,

mass of the NGC 1333 core. First wc discuss the integrated intensity maps and [hen the individual velocity channel maps. Second

wc usc an 1.VG model

.7.1. Spoliol  Mops

to interpret the CO data and derive physical parameters for the core.

]~Co vc]ocitY illtcgratcd intensities for t}lc J = I . > (1 and J = 2- ) 1 transitions. ~’hc two ‘qCO mapsIn Fig. 1 wc present the .

arc very similar in shape anti show that the NGC 1333 cloud has two major features: 1 ) a lary,c elliptical core oriented NE-SW
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!~~o The j~l~,-,r~] of jntc~ration in LSR-Ye]ocilyFig. 1, lntcgratcd vcloci(y  maps for the J = 1 -+ () (left) and J = 2 -+ 1 (right) transitions of
is 4 to 10 km s–’, Ihc J = 1 -) O was ob(aincd with the AT&T Llcll L.aboratorics  7-nwtcr antenna and the J = 2 -+ 1 with the 2,5 rnctcr POhf-2
tclcscopc Iocatccl  on the Pla[cau de Rurc, France. In both maps contours levels range from 1 to 33.5 Kknts

–‘ incremented by 2.5 Kkrn s– 1.
Positional oft’sets arc in arcminotcs relative 10: CrIYW  = 3“ 25’” 56.5s, and JIMO = 31010’14”

along  the major  axis (diameters of the minor x major axes w 17’ x 25’ corresponding 10 the size of tbc 11 K.km s- *contour)

ccrrtcrcd at tbc position (2’, -3’); and 2) an elongated structure to the south, an “elephant trunk” filament, which connects with the

L] 455 cloud (cf. Ilachillcr and Ccrnicharo, 1986).

In Fig, 2, wc present the CIRO J = 1 –+ O and J = 2 -+ 1 velocity intcgra[ed  area maps. In the J = 1 + O line the CISO emission

also traces the elliptical core and the filament. However the size of the core is slightly smaller than the onc delineated in ‘3 CO;

it cx[cnds  from 5’ to -8’ i’n RA and from -15’ to 5’ in declination (size w 13’ x 20’). ~’hc C’*O core boundary corresponds

roughly to the 16 Kkm s– ] contour in the ‘3C0 J = 1 –+ Omap (Fig. 1). Furlhcrnmre  this C180  core has a very peculiar “C” shaped

appcarancc, i.e. an almost circular ring of material with a hole in the middle and at least three subcorcs  can bc distinguished in

this “C” shell. These fcalurcs arc not seen in the ‘qCO  map and, as will bc discussed below, (his “C” structure is a projection

of a ncal-ly spherical (or perhaps spherical) shell surrounding a cavity to form a “limb brightened” edge. A1T11OSI  all the infrared

sources and llcrbig-Haro objects which have been discovered in the NGC 1333 cloud are. awociatcd with or inside this “C”

shaped fca(urc. In particular (I1c SSVI 3 source and its associated }lH7- 11 oljccts  lie in the contra] hole at the boundary with

the shell, while (}IC rcd lobe associated with its high velocity outflow fills the cavity, In Fig. 2 wc have indicated the positicm of

these sources (Jennings 19S7;  Gc?.ari  ct al. 1993) and traced the blue and red lobes of the outflow observed by Srrcll  and Edwards

( 1981). in the C180 J = 2 -+ 1 Iinc the emission covers the same area as the J = 1 + O line but with a more patchy appearance due

to (I]c larger spatial rcsolotion, coarser sampling and poorer signal 10 noise of the spectra. “1’hc  “C” feature in C]*O J = 2 + 1 is

Icss conspicuous than in C IS() J = ] -.+ () bccaus~  tllc Opacity  of the J = 2 --} 1 Iitlc (~zl > 1 ) is twice that of the J = ] - + 0, although—

the three subc.ores and a curved bridge of malcrial  which link thcm can still b( seen in (bc nlap.
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Fig. 2. lntcgratcci ve.loci[y maps for the J = 1 -s O (Icfl) and J = 2 + 1 (right) transitions of C’go. The illbmfal of integration in LSR-velocity is
from 4 IO 10 km s– ], The J = 1 -s O was ohtaincd  with the AT&T Bell Laboratories 7-mcler antenna and thr J = 2 + 1 with the 2.5 meter POM-2
tclcscopc located on the Plateau dc Burt, France. In bc~th maps contours levels rmrge  from 0.2 to 5 Kkms - ‘ incremcntccl  by 0,4 Kkm s-’.
Positional offsets are in arcminules relative to the same center as in Fig. 1. Filled circles denote the lRAS sources positions (Jennings et al.
19S7) and filled squares the infrared sources wi[h optical counterparts (Strom e[ al 1976; Gezan et al 1993)

Figure 5 presents the CS (J= 2 + 1 ) intcgratccl intensity map. The CS emission map shows two peaks separated by a hole.

The strongest peak 10 the souttl-cast  coincides with theSSV13 cluster of sources, situated at the edge of the cavity inside the “C”

fea[urc seen in C180, while (1IC second peak corresponds to the northern subcorc  of this “C” shell. ?’hc hole located between the

two peaks coincide with the cavity seen in ClxO.

3.2, Velocity stIMclIIre

Apart from the region where the core and the filament merge, all spectra arc cmnposcd of one vc]ocity  component, In the merged

region (si[uatcd around -20’ in declination) the spectra show a blending of (WO emission fcatorcs, onc from the core and the other

from the southern filament.

lscO  J = ] _+ o jntcgratcd  intensity in 1 km s–]

In Fig. 3 wc show the , velocity bins. In this figure the diffcrcncc bctwccn

the central velocity of the core and t}]c filament (8 kms- 1 for the core and S.5 kms- 1 for the filament) makes the spatial and

structural separation bctwccn the core and fllamcn[ even clcarcr. In the south, emission fron~  the filament is visible mainly frcnn

5 to 7 kms-1, ] (the sepal ation bctwccn north :incl south occurs at the. – 20’while in the north tbc core is seen from 6 to 10 kms- .

offset ir](iccli]latioll).Tl]c ‘3 CO J=2-+ 1 vclcJci[y  structure (not sllovn)i svcr~~s  i]~]ilart {)[l]at(1fJ= 1 –>0.
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Fig. 3. Charm]  maps of the NGC 1333 ‘3C0 J = 1 -+ O emission. The contours arc In steps of 1 K flom 2 to 16 K, in units of radiation
temperature., averaged over 1 km s–’ wide channels, ccn[ered at VI~~ = 4.5, 5.5, 6.5, 7.5, 8.5 and 9.5 kms- 1 respectively

The C] SC) J = 1 + O and J = 2 + 1 velocity maps, unlike that of l~CO, reveal the irrtcrnal stl ucturc  of the core. As these two

transitions approxima[cly  trace the same gas wc present in Fig. 4 only the J = 1 + O vc]ocity bins bccausc they have better spatial

sampling, higher signal to noise and arc more optically thin. In P-ig. 4 the intensity map a( the 8-9 km s–’ velocity interval reveals

an anntrlus  structure, ccn(cred at (-2’, -2’), with an inner and outer ladius equal to 3’ (0.3pc)  and 6’ (0.6pc)  respectively. Three

subcorcs can bc seen in this annulus strucitrrc  at 8-9 km s-] concentrated in [hc eastern half of the annulus. The nor[hcrn  and

southern subcorcs  can be fo]]owcr]  up in lhc 7-8 kTlls-  1 nlap. The cavity which lies bctwccm these two subcores is open to the

west and slightly open to the cast in the ambient cloud. In the 6-7 kms- 1 velocity map the e.astern and southern parts of the

annulus  arc still visible while the cavity is opened to the north and west. It can also bc seen that tbc southern fllamcnt is conncctcd

to the annulus at the southern subcorc.  In the 9-10 kms- ] velocity map the eastern subcore  is the only remaining part of the

annulus struclurc.

llc CS(J = 2 –} 1 ) vclocit  y emission nlaps (SCC Fig. S) shows tbc prcsencc of two brig]lt spots ccntcred at offset of (O’, -5’)

and (- 1‘, 0’). ‘1’he  first onc corresponds to the SSV1 3 cluster of sources and the second one to the internal side of the northern part

of the annulus  seen in C] SO. Be.fwccn these two dense “CS” cores wc sec cvidcncc of the cavity first seen in C’*O. ‘l’he annulus

is also dclinea[c.ci in the 8-9 and 7-8 km s– ] vcloei[y bin intervals where both cores arc visible,
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Fig. 4. Channel maps of [hc NGC 1333 C’hO J,= 1 --+ O emission. The contours arc in steps of 0.15  K fron, 0.15 to 1.65 K, in units of radiation
tcmpcraturc, avcrafzcd over 1 km s–’ wide channels, centered at VIS,  = 4.5, 5.5, 6.5, 7.5, 8.S and 9.5 kms- ‘ rcspcctivcly
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Fig. 5. The top Icf( tigurc shows the intcgrahxl  velocity maps for the J = 2 –} 1 transitic]n of CS. The interval of integration in LSR-velocity is
from 40310 km s–’. Contour ICVCIS  range from 1 to 8 K.krns-] incremented by 0.5 K.lim s– 1. Positional oft’sets in arcminutes are relative to
the same ccntcr as in Fig. 1. Other figures show channel maps of the NGC 1333 (X J = 2 + I emission. “l”he contours arc in steps of 0.25 K
from 0.1 to 3.6 K, averaged over 1 km s–] wide channels, ccn[ered at VJS, , 5.5, 6.5, 7.5, 8.5 and 9.5 kms- ‘ respectively

Comparing our CS (J= 2 -+ 1 ) intcgratcct intensity maps with those ohtaincd  hy Schwartz et al. (1983)  in CS (J= 3 + 2) we

scc tha[ the CS (J = 3 + 2) coinc.ides with our CS (J = 2 -) 1 ) cmissicm. ‘lIc only obvious difference is the prcsencc on their

map of a third peak, probably unresolved in our data (the he.atn is 50” for the observation by Schwartz C[ al and 120” for our

observations). Ho and Barrett (1980) mapped NH3 emission over 6’ x 8’ in NGC 1333, ccntcrcd  in the same region as the CS

and C’hC)  emission. q’hc N113  contour map has the same shape as that of C.]8CJ, suggesting that the “C’’-shcll is a region with an

cnhanccd  density (Fig. 9). No NH3 was detected in the cavity as dcflncd by OUT C’*O and CS okrvations.

All these spatial-velocity features can bc explained by lIIC existence of an expanding hollow spherical shell. Onc side of the

shell is closer to the edge of the arnbicnt  cloud (to the. west) and may be breaking out to the cdg,c of the denser par[ of the cloud

(as traced by C]%  anti t ~CO) into the less dense part of the cloud as traced by 1 *CO. A coarsely sampled map (every 4’) of 12C0. . .

(Langcr  private communication) dots not show any opening at the outermost rlorthcastcrn  c(igc of ti~c molccttlar cloud. Thus the

cxpm(iing cavi(y has not broken cmt of [hc edge of the NGC 1333 cloud. This explanation is supporlcd  by the 13C0 velocity map

al 6-7 km s- ‘ which shows the same opening to tllc west of the (-2’, -2’) position.
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.3..3.  Physical pmpcr(icsfrom  LVG atmlysis

Here wc use the LVG model described in the appendix of Castets el al. (1990) to derive the C180 and ’303  column densities

and H2 volume densities of the NGC 1333 cloud. We assumed a spherical gco]netry  and used the CO collision rates of Flower

and Launay  (1985) with a H2 orlho-to-para  ratio of 0.25. The LVG approximation is better than LTE since it dots not assume

thcrmaliy.cd  Icvcls and instead dctcrmincs the excitation temperatures directly f! om the cliffe.rent transitions.

As the NGC 1333 star formation region includes several cmbcddcd slars  which heat the gas locally wc dccidcd to adopt for

the kinetic temperature a model in which the central part of the cloud and the periphery have different temperatures. The central

region, which includes the HH objects and Ill sources, is located bctwccn  -4’ iind 10’ in RA and bctwccn -12’ and 6’ in DEC.

In the core of this region, wc usc a kinetic temperature of 18 K, a value obtained by Lada ct al. (1 974) from NH3 observations.

Outside the core, but siill in the direction of the central region, 12.cO observatiol]~ SuggCS[ a loWcl’  limit  for the kinetic tempcratl]re

which is also 18 K. While the relatively high core ternpcraturc is naturally due to the heating by the emtrcddcd sources, the also

high cnvclopc tcmpcraturc  is probably duc to the heating by young sources located outside of the cloud. In the periphery of the

cloud, in the abscncc of cmbcddcd JR sources the temperature drops to standard values appropriate to deep in the interior of a

cloud which is shielded from the intense UV field. Thus C-180  observations h~vc been modeled with Tkirl = 10 K while ‘~CO,

being optically thick and coming closer to the I.JV  irradiated surface, is slightly warmer. ‘2C0 ohscrvations  in those parts of the

cloud suggest Tk;,, = 13 K which wc adopted  to model ] 3C0.

All the excitation calculations were rnadc with the J = 1 + O data rcsamplcd to the J = 2 -} 1 resolution. To check the relative

calibration and intensities scales of the BL and POM-2 telescopes and to resalnple the J == 1 + O and J = 2 + 1 data to the same

spatial and velocity resolution (140” and 0.2 km s-” ]), wc followed the mcthoci dcscribcd  in Caste.ts ct al. (1 990) for Orion. The

parameters of each spectrum were anal yz.cd using a gaussian fit. Mos[ of tbc C]80 spectra arc sinplc peaked with an average width

l~cIJ ~Pcctra had a nlorc cornp]cx Vc]ocity StrLlcturc.– ] in the periphery. Several . .of 1.5 km s – I il, tile Central region and I ~11~s

However the additional components arc mainly Iocatcd outside the velocity ranpc of the main peak and have a ncgligiblcarca. The

average Iincwidth  of the 13c0 Illain velocity component arc 2.3 and 1.9 kIIIs - I jn Illc Ccntra]  arl{l pcl-iphcry regions rcspcctivcly.

The. total ‘3C0 and C180 column density obtained with the J = 1 -+ O and J = 2 + 1 transitions using an LVCi model arc shown

in Fig. 6. In the N(’3CO) map the only conspicuous feature corresponds to tl]c central position (8 x 10’6 cm-2, while in the

N(C’80)  map the highest coiumn cicnsitics trace the “C” feature (the annulus IS included in the 1.5 x 10’5 cm-2 contour). The

l~cO arc ,Ilorc or less honlogcncous u,ith an average va]uc of ] 750 CIN-3.  ~’hc J-VG Calculationsn(HL)  values obtained from .

~llou, that  I ~cO is ~)plica]]y [Ilick a]most  cvcrywhcrc (towards the core 7-10 ? ~ and TZI .> 6). l’hus  the derived n(H2)  value

corresponds to the mean volume density of the cloud envelope around the C’80 core. In contrast to 13C0,  the n(H2)  volurnc

densities obtained from C180 arc very inhornogcncous  with values \arying froln  3 x l@ cn-~ (o 5 x 104 cm-3 with an average

value over the core. of 1 x 104 cm-3.

Wc estimated the total cloud mass by summing N(C’80)  and N(’3CO)  OVCI the area and assuming N(H2) /N(C’sO) = 7 x 106

and N(H2)/N(’3CO)  = 10° (Frcrking et al. 1982) (corresponding to N(H?)/N(]2CO)=  1.4 x 104 and ‘2C/ ‘3C = 70 (Langcr and

I’cn?.ias ]990)).  ‘1’hc who]c  c]ood mass using 13C0 is equal to 5300 Mq for an area of 2900 arcn~in2.  In the area covcrcd by C’*O.

(650 arcmin2) wc obtained 2700 and 950 J’vlc) from l~co and C180 rcspcctjvciy. Ttlis lat(cr  value of 950 h4c) iS vCry Close. to tllc
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va\uc. derived by l.ada et al. (1974) using NHs observations, but this is certainly accide~llal sinc~ their n~ass was derived from a

uniform cicnsit y sphere of 15’ (1.5 PC) diamcler  while our mass corresponds to n column dcnsit y integrated over an area 4 times

larger.

_—— —

——— ——. . .

Fig. 6. Left: 13C0 column density map of Ihc NGC 1333 cloud obtained from the J = 1 + O and J = 2 + 1 transitions of ‘3C0,  using an LVG
model. Contour corrcsnondirm rcspcctivcly to 3. 10’s, 4.5.10’5, 6. 10’s, 8 10’5, 1.15 .10’6,1.6. 10]( ,2. 10’6,3.  ]0’6,4.5. ]()) fi,6. ]016. .
and 8. IOIG cm ‘2. Positional offsets in arcminotes arc relative to the same center as ill Fig. 1. Right: C’h O column dcnsily map ob[aincd in
(he same conditions as the Icfl figure. Contour corresponding rcspeclivcly to 3. 1014, ~ .1014, 5 10’4,  6 10’i, 8.10’4, 1 10’s,  1.2S 10’s,
1.6. 10’f,2 ~ 10’f,  2,5 10’s and 3. 10’s  cm-z

4. Discussion

In this section wc cliscuss the propcr(ies  of the fra:,mcnts, “C” shell, and cavity and their rela[imlship to the dynamics of the core

of NGC 1333. “1’hc  dynamics is corrsistcnt  with a picttrrc of sequential and ongoing star formation.

As wc can scc on the maps, the fragmentary structure is more pronounced in C’ ‘O than l~cO, As the C180 data arc opticallY

thin, they provide a piclurc of the internal struclurc  anti mass distribution. Here wc identify the individual clumps and fragments

which make up the core s[ructurc  ami estimate their physical propctlics. As the spatial and velocity resolutions and sampling arc

better in C]sO J = 1 + O than CISO J = 2 + 1 wc have identified the location and size of the clo]nps  using this transition.
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First wc define the method used to extract the clumps from the C1 *O J = 1- + O data cube. I’IIc results  can change from onc

method to another, especially for distinguishing between two clumps which arc close in velocity and space. We constructed

integrated intensity maps over velocity intervals of 0.5 km s-] covering the velocity range 3 to 10 krn s- 1. From these maps, we

identified the intensity peaks which are spatialy separated and greater than three times the noise.. For each peak, wc located its

spatial coordinates Q and d and wc drew a spatial-velocity map at constant @ and d to determine the exact position of each clump

and to verify if there was more than onc clump at the same position but at different velocities. ‘1’o separate two clumps which

arc C1OSC in velocity and space, the minimum between thcm must bc sufficiently deep so as not to bc cmrfuscd  try random noise

fluctuations. Wc considered that two clumps arc separated if the minimum bctwccn  them is 1OWW]-  than the half in[cnsily of the

smaller peak. Once the position was known, wc determined the velocity width (J:WHM) and velocity range (velocity extent over

which wc scc the clump as measured near the baseline). For this, we averagccl the 9 spectra u’hich include the central position

and the 8 positions around the maximum. T’hc line width is determined from this average spectrum by fitting a gaussian. In the

case where wc have two clumps, wc fitlcd a double gaussian, with two different velocities. TO determine the velocity range for

simple and complex features wc have used the interval over which the signal is greater than 1 a for a gaussian  fit. In the case

of a single peak feature the velocity range is s[raigJltforward  to derive  from the avcra.gc spectrum. In the case where we have a

double gaussain  tit, wc treat each clump separately, and define the velocity ratlge as the 1 a limit at high and low velocities for

each gaussian  fit. Wc found that this method gives a more prccisc value for tbc velocity interval for each clump than using the

spatial-velocity map.

The size of the clump is dctcrmincd from the integrated intensity map with the area given by tbc contour at half maximum.

Two spatial peaks with the same velocity ccnnponcnt and velocity dispersion which arc spatially CIOSC  are considered as separate

clumps unless the integrated intensity drops below 50% of the lower of the two maxima at the point bctwccn thcm. Otherwise,

wc considered that there is only one. clump WJIOSC position is the. center bctwccn  the two peaks. The si7.c, the velocity dispersion

of Ibc clumps and the sptial and vclocit y separation bctwccn two clumps arc limited by tile spatial (100”) ancl velocity (O. 14

kms- 1) resolution. The average cbanncl to channel rms noise is another liniiting criterion to tbc cietcclion and separation of

clumps.

Af(cr identifying the clumps wc dctcrmincd their area and mass. Their ar ca A (in arcmir12)  is given by the contour at half

maximum. l’hen, the dcconvolvcd mean angular diameter is obtained by assulning that thcil brigimlcss tcmpcraturc  is gaussian.

Tile intrinsic fuil widtil half maximum diameter of the clump is obtained by dcconvolving  the angular  diameter assuming a 100”
——

FWHP beam and is cquai to O, = ~A/n -1002. Wc convcrl  these diarnctcrs  to parsecs assuming a distance of 350 pc and list

the corresponding radii in tahlc 1.

To derive tim clump masses, wc sum the A~(C]80)  column density OVCI the projcclcd atca of the core and convert into

hydrogen mass using the Hz /C1sO convcmion  ratio given in section 3. The nlass then corrcckd for tile mean mass pcr particle

(mainly duc to Helium) by a factor of 1.4. Wc calculated the virial mass usinp the fomula M,,, = 126x  C$712  x 1{ (Mac Laren  ct

al. (19S8)) whici] assumes a density distribution in 1/r 2 . The virial  and luminosity  masses arc Iabulatcd  in table 1 and plotted in

Fig. 7.
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Table 1. Properties of C)80 clumps

Number

<1
2
3
4
5
6
7A
713
8
9
10A
1 OR
11
12
13
14

—

UA Dcc
offsets

-1 -35
-2 -3 ]
-7 -26
-6.5 -20.5
-2 -14
-5 -9.5
10.5 -13.5
10.s -14
0 -7.0
7.0 -11.0
3.0 -2,0
2.0 -3.0
1,0 1!0
3.5 5.0
-14.0 7.0
-4.0 9,0

VLSR A V

(ktn S-’) ( k m  S - ‘ )

5 . 7 0  ~6~–—
6.20 0.60
5.90 1.10
6.75 1.25
7.08 1.90
6.60 1.05
6.85 1.00
8.20 0,90
7.50 1.87
7.54 1.25
6.75 1.50
8.60 ] .36
7.73 1.73
7.48 0.80
7.97 1.00
7,93 1.00

area
(arcmin2)_ . .  — _
12
23
48
20
26
]8
18
12.5
45
25
16.5
23
40
34
23
1()

(pc)
0,18
0.26
0.39
0.24
0,28
0.23
0.23
0.18
0.37
0.27
0.22
0.26
0.35
0.32
0.26
0.16

hfass M:,,

(MA ( M  J_
“IO 8.2
15 11,8
40 59.5
2s 47,2
70 127.4
25 320
25 29.0
20 18.4
125 163.O
40 53,2
40 62,4
-10 60.6
120 132.0
60 25,8
40 328
20 20.2—

‘ I’hc radius is calculated as mentioned in $4.1 and assuming a distance of 350 PC
h The virial mass M,,,, is calculated using the formula Mm,,  = 126 x Au* x R for 1 / ~ density dcpe.ndencc

Il]c total mass of the cloud obtained from C180 is 950 MO for an area SUI veyed of 650 alcminz (cf Section 3.3). Of these

9s0 Me), wc calculed that 745 MC) are in the 16 clumps extracted from our dat;i, covering a surface of 280 arcminz.  This means

that on average the density in the cores is increased by a factor of three. Furthermore inside the elliptical core defined from the

CISO map, wc find 6 clumps out of 16 representing 450 M. (60% of the mass of all the clumps) within an area of 140 arcn~in2.

This represent an increase in the mean density of a factor of 5 in the. clumps compared to the average density of the total core

and a factor of 9 compared to the average density of the gas outside the cores. ‘l”his latter value is consistent with our estimate of

density from the CS excitation.

In Fig. 8 wc plot the log of the luminosity mass versus the log of the virial mass. We plot the line for Jfuir = fifl, for

1 /r2 density dcpcndancc. For a mass greater than Afv;r the clumps arc unstal]lc  against gravity and should collapse, while for

clumps with 0.5 AfUir < J4 < Jll)ir the clump is in equilibrium and stable against collapse. I:inally  for masses less than 0.5 J1Uir

the clumps are unbound and should expand and clissipatc. Within the uncertainty of the mass estimate (a factor of 2) and the

unccr[ainty  on the virial mass cslimatc due to the density profiles, half of the objects appear unstable and will collapse and the

other half appear to ‘OC bound but stable. objects.

4.2. I)ymmics  qfthc  cow

As derived in the results section wc scc in the central region of our C’RO and CS maps the prescncc of a “C” shell and a cavit y.

par[ of this shell can also bc seen in the NH~ n]aJ~ of Ho and Barrett (1980)  (see Fig. 9). This s1lcII is tllc location of tile three

lar.gcst molecular subcorcs  traced by C’RO, several far and near-infarcd sources (Jennings ct al. 1987,  Sandcll  et al. 1991), and

numerous Hcrbig-Ilaro  objccls. Most of the far-IR  (IRAS)  sources have assoctatcd optical or near-lR objects and outflows. The

most conspicuous outflow is the cmc originatin~ from the cluster of sources SSVI 3 situated on the inside of the cavity, with both
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Fig. 7. Position and luminosity masses of the C’SO clumps listed in table 1 (masses arc proportional to the circle radius) superimposed on the
integrated velocity map for lhc J = 1 –} (1 transition of C]XO (Fig. 2)

——.—. ———  .. ——. — ..-—

—— ——— .—.. ——

Fig, 8. Log of the luminosity mass (111,)  versus the log of the virial mass (Atr~,,  ). On the same flgurc wc have plo!(cd the line for A4,,, = Afr,
for 1/r* density clcpcnclancc

high velocity (terminal velocity of 27 kms-
] (Sncll and Edwards 1981)) and [.xtremcly high velocity outflow (terminal vcloci[y

of 160 km s– 1 (13achillcr  and Ccrnicharo 1990)). The direction of this outflow is pcrpcodicular to (IIC side of the cavity and its

rcd Iobc fills almost cn[ircly (IIC  cavi[y wbi]c the blrsc lobe, which includes the HH7- 11 objects, impact into the surrounding shell

(SCC Fig, 9). The kinetic energy associated with this outflow (+- 6 x 104s ergs according to Bachillcr and Ccrnicharo  (1 990)) is

large enough to bavc emptied the cavit y of its original mass. A second outflow  associated with 11}1 12 at position (-1’, 0’ ) ancl

driven by the nearby SSV12 star was discovered by Edwards and Sncll (1983j. It is situated in Ihc nor[hcrn  par~ of the cavity, has
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Fig. 9. l.cf~ : Supcrpcrsition  of the NIIs map (adapted from }1o and Barrcu 1980) ancl the C]80 J = 1 – + O integrated velocity map (Iirnitcd
to the “C’ shell). Wc have superimposed the lRAS infrared sources (filled circles) and the infrared sources with optical countcrpark (frllcd
squares). Right : Superposition of the red and bloc lobes of the SSV 13 outflow on the C1*O J = 1 --–s O in{egratcd velocity map. The position
and direction of the 1RAS2,  1RAS4,  1RAS7  and SSV12 outflows are also indicated b! stars and thick ar[ows (SCC section 4.2). Note that in
IRAS2 two oL)tflows  with pcrpcndicrrlar  directions have been dctcctcd  (see section 4.2)

a N-S clircction  with its rcd lobe merging to tbc south into the SSVI 3 rcd rsu(flow.  In addition three othc.r sources with weaker

CO molecular ou(flows were discovered in this shell (Liscau ct al. 1988; Aspin and Sande.11  199 I ). The driving sources for these

outflows arc also situated near the wall of the cavity. Onc of these sources is II<AS2 situated at position (-1’, -5.7’ ) in our maps.

This source clrivcs  two outflows (Sandcll et al. 1994): a N-S outftow previously’ discovered by l.iscau et al. (1 988) which merges

into the. SSVI 3/11117-1  1 oLuflow  and an E-W outflow, perpendicular to the eastern wall of the cavity. which looks Iike a molecular

jet. These two outflows }]avc very different dynamical timescalcs  (2.5 x 104 yr for the N-S flow and 6 x 103 yr for the E-W

flow) which Sandcll ct al. show to originate from two sources which formed it 1 close proximity. Sandell ct al. (1994) discovered

at the termination of the young rcd lobe (to the west of IRAS2) a strong enhancement in the CS J = 5 + 4 and methanol lines

proving that this outflow is entering into the much denser gas of the “C” shell. This strong CS emission near IRAS2  explains the

prcscrrcc  of the very bright CS J = 2 + 1 spot in our maps. Wc have used the (’S J = 5 --) 4 flom Sandcll ct al. along with our CS

J = 2 --) 1 to dctc.rminc from an LVG excitation analysis that the density in this CS spot is grcatel than a few x 105 cm-~. Another

outflow was discot)crcd  around IRAS4 (position (2.3’, -6.7’) in our maps) by Sandcll ct al.(1993).  This outllcnv  is driven by the

I RAS4A srrurcc which SCCMS to bc the youngest protostar yet founcl. Finally, [hc 1RAS7 outflow, has been discovered by Liscau
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et al ~1988) and fully mapped in CO J = 3 + 2 by Sandell et al (1 993). 1[s direetion is also perpendicular 10 the wall of the cavity.

Of particular interest arc the densest parts of the three subcorcs  seen in the “C” shell. Their luminosity masses determined from

C180 arc approximately 50,30 and 40M0 (going from north to south) and these are C1OSC to the virial rnasscs of these objects. II

appears very like] y that these three clumps arc unstable (or nearly unstable) to p ravitational  collapse.

Wc have estimated the kinetic energy necessary to remove the material SUI rounding the star and compared this result with

the mechanical energy produced by the outflows. Bccausc the outflow has colllpresscd  all the lnatcrial in the “C” shell which

originally existed inside the cavity, the total mass of the “C” shell should represent the mass of the original spherical cloud.

Using the full resolution 13L C]*O J = 1 -+ O map wc estimated the CIRO column density at each point of the “C” shell using the

vclocit y integrated intcnsit y of the line toge.thcr with an excitation tcmpcraturc estimate.d fron i our I.VG calculations at lower

resolution. We obtain a total mass of 200 MO. The mean density of the. original material was estimated assuming that the initial

volume which contained this mass was a hcmisphcrc  with a 6’ radius (0.6 pc), leading to n(H2)  = 5500 cnl-~. Consequently the

original mass inside the cavity (radius * 3’ (0.3 pc)), excluding that convcrtcd to young stcliar object, was 22 Mcj. The energy

to crcatc the cavity, that is to move tbc material to tbc inner edge of the shell is a fcw 1043 ergs, which is much smaller than the

energy available from the outflows. 13ccausc the gas from the cavity Ilas also been accelerated to 6 km s– ] as estimated from the

velocity measured in the SSV1 3 outflow (Bachillcl- and Ccrnicharo 1990), wc would require 8 x 104s ergs to empty the cavity

and accclcratc the gas. The prcscncc  of all the outflow sources, including SSVI 3, indicate that the.rc is more than enough energy

to crcatc the cavity, accclcratc the gas and compress the shell.

From the properties of (I]c cavity, the C shell and the embedded sources described above wc propose an evolutionary scenario

for the core of NCiC 1333. First wc suggest thatSSV13 was among the first sour,cs  to form in the core (according to Bachiller and

Ccrnicham  (1990) it was formed more than 104 years ago). The outflow from this source would have swept up and compressed

the surrounding material creating a small cavity and initiating a second stage of star fcmnation (1 RAS2, IRAS4)  in a compressed

shell. Wc furlhcr suggest that the oulflow  from the second generation of younp stellar ohjccts  swept up more material, creating

the Iargcr cavity seen presently and cornpre.ssinx the gas further. The dense clumps seen in [hc C SIICII may bc the sites for the

next generation of star formation in NGC 1333.

5. Summary

Wc have mapped the molecular core of NGC 1333 in Isco and cIF.0 J= ] ~ oand J= 2–+ I and CS J=2+ ] to dctcrminc  its

structural properties and rclatirmship  to the embedded young, stellar objects and cnrtflows. WC find:

1.

2,

3.

‘f’hc core of NGC 1333 as traced by C’RO appears to have a Iargc cavity (radius of 0.3 PC), surloundcd by a shell of gas (outer

raclius 0.6 pc) which is currently undergoing ccnnprcssion. This shell in projection  on the sky has a prominent “C” shape.

It seems that the outflow from SSV 13, IRAS2 and IRAS4 arc responsible for creating the cavity and compressing the shell.

The [otal mass of the core as traced by C]*O is 450 Mcj of whiclt 360 ME) is in the shell. Three (o four condcnscd fragments

arc found in this shc]l having masses in the. range 80-120 Mc).



S, VJarin CL al.: “1’hc  structure and dynamics of NGC 1333 from “C0 ancl (1]’0 ohscrvations. 17

4.. Tnc dense massive fragments in the shell arc gravitationally unstable to collapse and arc likely sites of the next generation of

5.

star formation in NGC 1333.

One of the fragments Iocatcd  in the S-E of the shell is the brightest SOUI  cc of CS J = 2 ---) 1 emission and has strong CS

J =5 + 4 cmissiorr.  1( is Iocatcd at the position where the bhrc outflow Iobcs ofSSV13 and the “young” red lobe of IRAS2

arc impinging on the cavity wall. This fragmcnl  may bc driven into gt-avitai  ional collapse by this shock compression.

In conclusion the age of the outflow sources and their location inside a cavity, but CIOSC  to its wall, suggests that the core of

NGC 1333 may bc undergoing sequential slar formation driven by winds swec.]ling up material and shock compressing the gas,
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